Abstract-In this paper, GaN quasi-periodic nanopillars were fabricated and investigated. The quasi-periodic nanopillars were realized by nanoimprint technique and selective area growth. Localized lasing mode was identified in the GaN quasi-periodic nanopillars. The threshold energy density and lasing wavelength were 40 mJ/cm 2 and 369 nm, respectively. The divergence angle and near-field lasing spot were measured to be 10.5
I. INTRODUCTION

P
HOTONIC crystals (PCs), incorporated of periodic structures with its unique optical properties, have been widely adopted to many optoelectronic devices, including lightemitting diodes (LEDs) and PC lasers [1] - [13] . Two kinds of PC lasers-band-edge lasers [3] - [11] and defect-type lasers [12] , [13] -have been proposed and investigated during the past decade. For the band-edge PC lasers, the specific Bragg diffraction could occur at the photonic band edges to achieve surface-emitting condition and laser oscillation in a large area by controlling the period and lattice of PCs. This type of PC lasers, called PC surface-emitting lasers (PCSELs), could be potential for display and high-power laser application. PCSELs has been explored in many different wavelength regions [6] - [11] . On the other hand, most of the defect-type PC lasers with a thin membrane suspended in the air have been realized in InP and GaAs material systems due to the easy removal of underlying sacrificial layers. Due to photonic bandgap effect in the in-plane direction and total internal reflection in the vertical direction to the thin membrane, highly localized laser oscillations T.-T. Wu, C. can be observed in the defect cavities to achieve with special properties [12] , [13] . These special properties such as small modal volume and localized lasing mode are important for development of ultralow threshold lasers and photonic integrated circuits. However, it is rather difficult to fabricate suspended membrane structures in GaN-based materials by selective etching due to their stable chemical bonding properties [14] , [15] . On the other hand, a quasi-periodic structure, named photonic quasi-crystals (PQCs), is highly rotational symmetric in the reciprocal space and capable of exhibiting photonic bandgaps for mode localization [16] , [17] . Recently, several numerical studies in PQCs, organic lasers with Penrose quasi-crystals (QCs) and waveguide device with 12-fold QCs have been realized and demonstrated [18] - [22] . It suggests that quasi-periodic structures could be a good candidate to demonstrate localized laser oscillation in a nonmembrane structure. In this paper, we have fabricated and demonstrated localized lasing mode in GaN quasi-periodic nanopillars. In Section II, the fabrication process of GaN quasi-periodic nanopillars including nanoimprint lithography (NIL) and selective area growth (SAG) will be described. Moreover, the optical pumping system will also be introduced. In Section III, the lasing characteristics including input-output characteristics, lasing spectra, polarization, and divergence angle obtained under the optical pumping condition at room temperature will be presented. A localized lasing mode in GaN quasi-periodic nanopillars with small field distribution in the UV region was observed in the near-field image. In Section IV, we further utilize multiple scattering method and plane-wave expansion (PWE) method to calculate the mode pattern of GaN quasi-periodic nanopillars in real and reciprocal space to confirm the experimental results. The results show that the localized mode would be confined in the quasi-periodic nanopillars. Finally, a summary of these results will be described in Section V.
II. FABRICATION AND EXPERIMENT
The GaN quasi-periodic nanopillars used in this study were all prepared by metal-organic chemical vapor deposition (MOCVD). We first deposited a low-temperature (LT) GaN nucleation layer and a 2-μm-thick undoped GaN layer on a c-face sapphire substrate. A 60-nm-thick SiO 2 film was then deposited on the GaN surface by plasma-enhanced chemical vapor deposition (PECVD). A quasi-periodic nanohole array was subsequently formed as growth masks on the GaN surface using NIL and dry etching. The sample was then sent to MOCVD for the nanopillar growth. At the starting of GaN nanopillar growth, the growth temperature was 990
• C at the chamber pressure of shows a large area of quasiperiodic nanopillars and the white circles indicate the unit cell of quasi-periodic nanopillars. One white circle represents the scheme of the quasi-periodic nanopillar shown in Fig. 1(a) . The radius, lattice constant, and height of quasi-periodic nanopillars were estimated to be 134, 424, and 730 nm, respectively. The lattice constant of GaN quasi-periodic nanopillars, which are strongly related to the normalized frequency could decide the order of the resonant mode. The radius of GaN quasi-periodic nanopillars could adjust the band distribution and short range of photonic bandgap in the band structure. The optical pumping source used in the microphotoluminescence (μ-PL) system was the 355 nm pulse Nd:YVO 4 laser with a pulsewidth of ∼0.5 ns at a repetition rate of 1 kHz and the experiments were all carried out at room temperature. The laser beam was pumped obliquely onto the sample with a spot size of about 20 μm. The PL signal was collected by a fiber with a 600 μm core normal to the sample surface and fed into a spectrometer with a charge-coupled device (Jobin-Yvon IHR320 Spectrometer). The spectral resolution was about 0.1 nm for spectral output measurement.
III. RESULT AND DISCUSSION Fig. 2 shows the pumping energy density versus the output characteristics curve of GaN quasi-periodic nanopillars. When the pumping energy density was increased around 40 mJ/cm 2 , a clearly threshold condition could be observed. The spontaneous emission coupling factor β of lasing mode in the GaN quasiperiodic nanopillars was also estimated by replotting Fig. 2 into a logarithm plot. We obtained the β value of the lasing mode in Fig. 2 . Measured lasing emission intensity of the GaN quasi-periodic nanopillars versus the pumping energy density. The inset shows the log-log plot of measured lasing emission intensity versus the pumping energy density. the GaN quasi-periodic nanopillars to be about 9.4 × 10 −3 . The β value was higher than the value obtained in the GaN-based PCSEL [8] , which showed extended mode distribution characteristics over the whole PC region. Fig. 3 shows the lasing spectra of GaN quasi-periodic nanopillars. The linewidth was gradually narrowed to 1 nm when the input pumping power was increased. A dominated lasing peak that appeared above the threshold at 369 nm can be observed. From the emission spectra, the quality factor can be estimated to be about 170 when the GaN quasiperiodic nanopillars were operated in the transparent condition. The three-dimensional finite-element method (FEM) [23] was employed to calculate the quality factor of GaN quasi-periodic nanopillars. The quality factor was calculated to be 263, which was somewhat higher than experimental results. It could be due to the imperfection of nanopillar shape causing the light scattering in real quasi-periodic nanopillars. The measured polarization of GaN quasi-periodic nanopillars is shown in Fig. 4 . Moreover, the measured direction was aligned to the Γ-K direction in the reciprocal space. The degree of polarization (DOP) is defined as (I max − I min )/(I max + I min ), where I max and I min are the maximum and the minimum intensity of lasing peak, respectively. The DOP was measured to be 55% when the GaN quasiperiodic nanopillars were above the threshold. Notice that our quasi-periodic nanopillars are the disordered structure between each unit cell, as shown in Fig. 1(b) . The disordered nanopillars and imperfections may lead the diffraction light to feedback Fig. 4 . DOP of the GaN quasi-periodic nanopillars. DOP is calculated to be about 55%. not equally. However, the DOP would be stronger in specific directions such as Γ-K and Γ-M directions in the reciprocal space [8] . Fig. 5 represents the angle versus the output intensity for GaN quasi-periodic nanopillars. The angle resolution of the rotation stage was about 0.5
• for divergence angle measurement. The divergence angle that was estimated to be 10.5
• , which is close to that of GaN-based VCSELs [24] , reveals that the lasing spot size of the GaN quasi-periodic nanopillars should be few micrometers. Next, to observe the lasing-mode pattern of GaN quasi-periodic nanopillars, the near-field images were collected by ×100 objective lens and measured by the beam view system. Fig. 6 shows the near-field image when it was below and above the threshold condition. As shown in Fig. 6(b) , only one dominated lasing peak was observed in a localized region above the threshold condition, which was in sharp contrast to the large area lasing observed in the square-lattice or triangular-lattice band-edge mode GaN-based PCSELs [8] . The lasing spot of the GaN quasi-periodic nanopillars was estimated to be 3.6 μm in diameter. Using the divergence angle equation θ = λ/πω 0 , where ω 0 is the lasing spot size, λ the lasing wavelength, and θ is the half of the divergence angle. We can calculate the laser spot size to be 4 μm using the divergence angle obtained earlier, which is comparable to the measured divergence angle. It provides the strong evidence that the resonant mode in GaN quasi-periodic nanopillars could be highly localized in a specific region.
IV. SIMULATION RESULTS
To further understand the mechanism of the localized lasing mode in the GaN quasi-periodic nanopillars, multiple scattering method was employed to calculate the resonant wavelength and mode patterns in GaN quasi-periodic nanopillars. The detailed method and parameters in simulation were similar to the previous report [25] - [27] . Fig. 7(a) shows the mode pattern in the real and reciprocal space of the GaN quasi-periodic nanopillars. With the same resonant wavelength, the localized mode could be observed clearly in the center of the quasi-periodic nanopillars in Fig. 7(a) . The calculated range of mode pattern is estimated about 3 μm which is close to the localized lasing spot size in the near-field image. The reason of localized lasing mode could be due to the quasi-periodic nanopillars exist the short range of photonic bandgap, which supports the mode confinement in a localized region [18] , [19] , [21] , [28] . It should be noted that the side peaks observed in Fig. 7(a) are due to the weak coupling k vectors in reciprocal space. However, the side peaks are not appearing in Fig. 6(b) . It could be due to the weak coupling k vector would be scattered by the imperfect region, so the side peaks would not be observed in our beam view system. Fig. 7(b) shows the mode pattern in the reciprocal space of the quasi-periodic nanopillars structure. The white dashed line represents the light line of the quasi-periodic nanopillars and the bright spots represent the magnetic fields transferred by fast Fourier transform (FFT) [27] . It indicates that the localized lasing mode in quasi-periodic nanopillars is provided by highly symmetric multidirectional feedback mechanisms. The short range of photonic bandgap could be also confirmed by band structure using the PWE method [28] . By adjusting the super cell of quasi-periodic nanopillars [29] and using the effective index method [4] , the parameters including confinement factor, filling factor, ε a , and ε b were calculated to be 0.49, 0.355, 3.84, and 4.67, respectively. The definitions of ε a and ε b represent the effective dielectric constant of background material and nanopillars. Finally, the band structure of GaN quasi-periodic nanopillars can be obtained, as shown in Fig. 8 . The short-range photonic bandgap ranging from 1.146 to 1.149 can be observed in the band structure. Compared with the experimental normal- ized frequency of localized lasing mode, the normalized frequency is located at 1.148, corresponding to the short range of photonic bandgap. The simulation results such as mode pattern in the real, reciprocal space, and band structure can provide the evidence of the localized mode in the GaN quasi-periodic nanopillars, which are comparable with the experimental results. The proper design of the quasi-periodic nanopillars and insertion of low refractive index layers would gradually increase the optical confinement of quasi-periodic nanopillars and reduce threshold condition to realize the low threshold lasing behavior in GaN quasi-periodic nanopillars in the future.
V. SUMMARY
In summary, GaN quasi-periodic nanopillars have been fabricated and characterized. The threshold energy density and lasing wavelength were measured to be 40 mJ/cm 2 and 369 nm, respectively. The laser characteristics such as DOP and laser divergence angle were measured to be 55% and 10.5
• , respectively. The near-field lasing spot and the spontaneous emission coupling factor were 3.6 μm and 9.4 × 10 −3 , respectively. Moreover, the localized lasing mode was observed in GaN quasi-periodic nanopillars and confirmed by the simulation results. We believe that the GaN quasi-periodic nanopillars have demonstrated an easy and cost-effective way to fabricate coherent light sources with localized modes, which would be helpful for photonic integration application in the near future. 
